Disposal of RO concentrates emanating from inland brackish water desalination plants presents a difficult environmental problem. The solution adopted by Mekorot -the National Water Company of Israelis to construct a 30 km waste disposal pipeline for collecting concentrates emanating from several RO desalination plants and discharging them into the sea. The discharged concentrates are highly supersaturated with respect to CaCO 3 . Scale precipitation during concentrate flow through the RO module is inhibited by the presence of anti-scalants. The retention time of the concentrate solution in the discharge pipe will exceed 100 hours. This raises the issue of the risk of scale precipitation in the discharge pipe that could impair its proper functioning. The aim of the present study was to provide data for guiding the design and operation of the disposal pipeline. The extent of the induction period prior to the onset of precipitation was measured in a pilot plant simulating flow of concentrate solutions dosed with anti-scalants. The parameters investigated were the scaling potential, the anti-scalant concentration and the presence of a mixture of several anti-scalants. The results of this study provide threshold scaling limits under various conditions.
Introduction
All desalination processes, whether fed with sea-water or brackish water, are confronted with the problem of disposing the waste concentrate stream generated by the withdrawal of the purified water product. Concentrate disposal from inland brackish water desalination plants is particularly problematical. The main options are (Wilbert et al., 1998) discharge into a surface body, disposal by injection well or use of evaporation ponds. The cost of concentrate disposal depends on the location of the desalination plant but in many cases the expenses involved add to the cost of the desalination process at least 0.10 to 0.15 $/m 3 of product water.
Faced with the problem of discharging concentrates from several inland sites, the solution considered by Mekorot -the National Water Company of Israel -is to erect a 30 km pipe which will collect concentrates emanating from the desalination plants and discharge them into the sea. The attractive features of this option are obvious. The main concern stems from the risk of clogging the discharge pipe by precipitating scale deposits. The objective of the present investigation was to provide data for guiding the design and operation of the concentrate disposal pipeline.
Scaling threshold limits
A major goal in water desalting processes is to extend the water recovery limit as much as possible in order to gain the important economic and environmental benefits resulting from a high level of the fresh water stream and a low level of the concentrate waste stream. The water recovery limits are constrained by the precipitation thresholds of ions of sparingly soluble salts, notably CaCO 3 and CaSO 4 , which are commonly encountered in brackish water sources.
All RO processes implement measures designed to expand water recovery limits by dosage of antiscalants. The conspicuous advantage of this scale control technique is that, when properly applied, an antiscalant can suppress scale formation with very low dosages (typically well below 10 ppm) and hence, at an affordable cost. Such low dosages are far from the stoichiometric concentration of the scaling species. Hence the inhibition of scale precipitation under supersaturation conditions does not involve chemical bonding between antiscalant and scaling molecules. It is related to complex adsorption phenomena, which act to delay nucleation and crystal growth processes and distort crystal morphology. Antiscalants do not obliterate the precipitation tendency of a supersaturated solution -they only act to delay the onset of precipitation.
The current water recovery limits of brackish water RO processes are dictated by the ability of available antiscalants to hold the scaling ions in solution at the high supersaturation conditions prevailing downstream of the RO module at economically viable antiscalant dosages. The maximum supersaturation level that can be held for a sufficiently long delay period cannot be a priori predicted as it depends on antiscalant parameters (antiscalant composition and concentration) and numerous solution parameters (ionic background, presence of ions such as Mg which exercise a beneficial inhibitory effect or Fe which impairs the inhibitory effect, temperature, flow velocity and the concentration polarization level). For CaCO 3, it is reported that the maximum solution supersaturation that can be maintained by dosage of 1 to 4 ppm to the feed is in the range of LSI < 1.8-2.3 (Ning and Netwig, 2002) . For CaSO 4 , the maximum supersaturation ratio maintained with a feed dosage of 1 to 3 ppm is of the order of 3. These limitations restrict the design of RO brackish water desalination plants to water recovery fractions below 80 to 85%.
The specific research objectives of the present study were to identify conditions enabling disposal of a typical concentrate stream emanating from a Mekorot RO desalination plant through a 30 km long plastic pipe without the risk of CaCO 3 precipitation. The criterion set was to seek conditions at which the supersaturation state of the concentrate will be held for at least 100 hours, i.e. induction periods delaying scale precipitation for at least 100 hours.
Precipitation processes
The driving force for precipitation of CaCO 3 is the supersaturation level S, defined by the ratio of the ionic product [Ca +2 ] [CO 3
-2 ] to the CaCO 3 solubility product K sp ′ (corrected for the solution ionic strength):
The supersaturation ratio S is related to the familiar Langelier saturation index LSI by:
The equilibria relations of the first and second dissociation constants of carbonic acid show that the [CO 3 -2 ] concentration is related to bicarbonate alkalinity and dissolved CO 2 content by:
(3) In a closed system, such as full pipe flow of water, S and LSI will remain constant as long as R. Semiat et al.
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there is no precipitation. However in an open system, such as flow in a pipe partly filled with air, the dissolved CO 2 of the water will tend to equilibrate with the partial pressure p CO 2 of the CO 2 in the air according to Henry's law gas solubility equation:
Since p CO 2 has usually a very low value, the equilibrium solubility of dissolved CO 2 in air is also low. Thus, dissolved [CO 2 ] will escape from the water, and as shown by Eq. (3), the carbonate concentration will increase, inducing an increase in LSI and in the precipitation tendency.
The overall chemical reaction involved in precipitation of CaCO 3 from a supersaturated solution is:
The precipitation releases the acidic species CO 2 , which acts to decrease the water pH. The inception of precipitation can be easily noticed by the decrease in pH.
In the development of laboratory techniques for characterizing scaling thresholds in RO desalination systems, we were able to correlate successfully induction time data (Hasson et al., 2001) by an equation based on nucleation theory. It is assumed that induction time t ind is inversely proportional to the nucleation rate J:
where B is a constant. According to the classical nucleation theory, J is given by (Mullin, 1997 ):
where A is a frequency factor, σ is the crystallization surface energy, T is the absolute temperature (°K), S is the supersaturation ratio, and C is a constant embodying physical properties. Combining Eqs (6) and (7) and it is found that (8) The induction period can be, therefore, characterized by measuring the slope of the straight line correlating Ln t ind with 1/(Ln S) 2 and extracting the value of the surface energy parameter σ.
Experimental
Figure 1 describes the experimental system used for testing the scaling propensity of a concentrate flowing in a very long pipe at retention times exceeding 100 hours. Two identical units were constructed. Each unit consisted of a 500 L vessel holding a recycle solution of 200 L, a circulating pump and a 40 m long polyethylene pipe (26 mm i.d.) forming a closed loop system. Each pipe held several removable cylindrical coupons made of polyethylene tubing (PP coupons) and stainless steel (SS coupons). The coupons had the same diameter as the pipe. The technique adopted for testing the occurrence or absence of scaling was to recycle through the pipe for a long period of time a solution simulating the composition of a concentrate stream in which scaling was suppressed by the presence of an antiscalant. The flow velocity in the pipe was 0.3 m/sec.
As explained above, in an open system, CO 2 is released to the air, acting to increase the solution pH and hence the CaCO 3 supersaturation level. To counteract this effect and maintain a constant supersaturation level of the recycling water, the lost CO 2 was constantly replaced by bubbling CO 2 gas in the recycle vessel through a pH controlled solenoid valve. The occurrence or absence of scaling was monitored by periodic analyses of the recycling solution and by periodic weight measurements of coupons, which provided scale deposition data in the event of scale precipitation.
The following parameters were determined in the water analysis: turbidity in NTU units, pH, Ca and total alkalinity. At the pH range of the experiments (7 to 8), the total alkalinity is practically equal to the bi-carbonate alkalinity. The temperature of the recycling water was in the range of 25 to 35°C. The extent of the induction period could be readily determined from the phenomena occurring at the inception of precipitation -a sharp drop in Ca and total alkalinity, and an increase in solution turbidity. The parameters investigated were: the supersaturation level, the antiscalant dosage and the nature of the antiscalant.
The feed water tested simulated the composition of concentrates emanating from the "Gat" desalination pilot plant at 88% recovery. Its composition, in ppm, was as follows: Ca -680, Mg -540, Na -2,780, HCO 3 -2,890, SO 4 -475, Cl -4,880, NO 3 -320, SiO 2 -235, and TDS -12,830. The pH of the Gat concentrate is 7.9. The feed water was prepared by dissolving salts in distilled water. At a pH level of 7, the Gat concentrate is already at a supersaturation level corresponding to LSI ≅ 1.1 and at a pH of 7.9, the LSI is as high as 2.3. The silica in the concentrate is also at a supersaturation level of about 1.7. The commercial anti-scalants tested were: Acumer 5000, Hypersperse SI-300, Permatreat 190, Flocon 260, Flocon 200, Aquafeed 1405 and Calgon (SHMP).
Results

Precipitation induced by CO 2 release in an open system
Initial experiments, carried out without the CO 2 pH control system, illustrate the detrimental effect induced by the loss of CO 2 to the ambient air. Table 1 summarizes results of experiments conducted without the CO 2 control system, using a relatively high antiscalant concentration of 100 ppm. Figure 2 illustrates the changes occurring in the water with time in one of the runs. The inception of precipitation after 40 hours is clearly evident from several indicators: a sudden drop in both Ca and HCO 3 concentrations, and a sharp increase in turbidity. The pH behavior is obvious -for the first 40 hours, the loss of CO 2 without precipitation induces an increase in pH as indicated by Eqs (1) and (3). Once precipitation starts, CO 2 is released (Eq. (5)). Table 1 shows that scaling occurred within a rather short induction period of 25-50 hours; with lower antiscalant concentrations, the induction periods were even much shorter. The scaling rates were measured to be quite high reaching 20 to 40 micron/day. No significant differences could be noted among the scaling deposits formed on different coupon materials. Finally, chemical analysis indicated that the scale contained also small amounts of silica.
Effects of the supersaturation level and of the antiscalant dosage
The effect of supersaturation level on the extent of the induction period t ind was studied in a series of experiments carried out in the presence of the anti-scalant Acumer 5000. Since the concentrate tested was supersaturated with respect to silica, the interest in Acumer 5000 stemmed from its purported silica inhibition effectiveness. This antiscalant is described in the technical bulletin of the manufacturers (Rohm and Haas) as a " Multi-polymer for silica Note: ω denotes the maximum scaling rate measured on coupons in units of gr/m 2 hr. A precipitation rate of 1 g/m 2 hr is equivalent to a growth rate of 25-50 micron/day, depending on scale density and magnesium silicate control". As shown below, Acumer 5000 seems to perform reasonably well also as a CaCO 3 antiscalant. Table 2 summarizes the results of systematic experiments in which the supersaturation level was varied in the range of LSI 1.0 to 2.2 and the antiscalant dosage was in the range of 25 to 100 ppm. Figure 3 illustrates the results of run 54 carried out with a dosage of 50 ppm Acumer with a solution maintained at a pH of 7.8 ± 0.1 and a rather high supersaturation level corresponding to LSI = 2.0 (i.e. supersaturation ratio = 100). The results of this run demonstrate the capability of an antiscalant to maintain a state of high supersaturation for very long periods of time. The data of Figure 3 show that the Ca, HCO 3 , LSI and turbidity levels remained constant for a period as long as 350 hours, without any sign of scale precipitation.
Inspection of the data of Table 2 shows the anticipated trends -an increase in the induction period with a decrease in LSI level and with an increase in antiscalant dosage. The last section of the paper presents a theoretically based correlation of the induction time data of Table 2 .
Comparison of results obtained with simulated and with real concentrate solutions
In order to verify the reliability of induction time data measured with a simulated composition of the Gat desalination pilot plant, a series of repeat experiments was conducted using real concentrate solutions emanating from the Gat plant. To prevent precipitation, the Gat concentrates were acidified before their dispatch from the Gat location to Technion. Two concentrate batches were tested simultaneously in the two experimental systems -one containing an Acumer 5000 concentration of 25 ppm and the other, 50 ppm. Table 3 summarizes the results of the tests carried out with real Gat concentrates. The experiments were conducted as follows. The two dispatched concentrates were initially tested at a pH of about 7.1. At this low LSI level, each solution retained its supersaturation for over 200 hours without any precipitation. The solution was then brought to a higher pH level by stopping the pH-CO 2 control system, thus allowing CO 2 to escape from the water.
A new test at a higher constant LSI level was then conducted. Comparison of the data of Tables 2 and 3, shows that taking into account the inherent scatter in induction time measurements, there was a substantial agreement between results measured with simulated solutions and the data measured with real concentrates. For instance, with 25 ppm Acumer and at the highest LSI level of about 2.1, the induction time of a real concentrate was around 80-85 hours compared to 70-150 hours with a simulated concentrate. With 50 ppm Acumer and an LSI level in the range of 2.0 to 2.3, the induction time of a real concentrate was 225-250 hours compared to 130-370 hours with a simulated concentrate. Table 4 summarizes results of experiments conducted under nominally identical supersaturation conditions with different antiscalants, at inhibitor dosages of either 25 or 50 ppm. The experiments were terminated after about 140 to 240 hours, before the inception of precipitation. The data of Table 4 suggest that there is no significant difference in the capability of various commonly used anti-scalants to maintain a stable supersaturated solution for a relatively long induction period.
Induction times measured with different antiscalants and with anti-scalant mixtures
A concentrate waste pipe, designed to collect wastes from several desalination plants which might adopt different antiscalants, will contain a mixture of antiscalants. This raises the issue of whether there is a risk of interference in the scale suppression intensity generated by negative interactions between different antiscalant molecules. This point was explored by conducting a few experiments in the presence of different mixtures of antiscalants. The induction time measurements (Table 5 ) showed no synergetic effects in antiscalant mixtures. There was a substantial agreement between induction data obtained with a mixture of antiscalants and data measured with a single antiscalant at similar solution compositions. 5E-009 1.2E-008 1.45E-008 25 ppm antiscalant. These measurements are seen to follow the anticipated linear relationship. The empty circles represent times in long duration runs at which an experiment was stopped before the inception of precipitation. As expected, these points are observed to fall below the induction time line. Similarly, the full squares denoting induction times in the 50 ppm runs also follow the expected linear relationship and as can be anticipated, induction times are relatively higher than in the 25 ppm runs. Again, the empty squares representing times in runs terminated before the inception of precipitation, are observed to fall below the induction time line. Correlation of the induction time data according to Eq. 8 shows that C 1 = 6 × 10 12 (m 2 /J K) 3 and C 2 = 1.2. The surface energy values extracted from the above data are σ = 41 to 44 mJ/m 2 . These values fall within the range of σ = 10 to 100 mJ/m 2 reported in the literature for various CaCO 3 nucleation systems Koutsoukos, 1988, 1989; Kanakis and Dalas, 2000; Mullin, 1997; Mullin, 1978, 1982) .
Correlation of induction time data
Conclusions
This study presents basic information for preventing scale deposition from a concentrate solution, highly supersaturated with respect to CaCO 3 , during its flow through a long waste disposal pipe. The main conclusions are as follows: • It is important to ensure full pipe flow in order to prevent CO 2 release to the ambient air which induces a pH increase and augments the precipitation tendency. • It is possible to maintain a high level of CaCO 3 supersaturation without any precipitation for periods well exceeding 100 hours by control of the Langelier index within permissible limits and by antiscalant dosage of a few ppm in the feed or about 25 to 50 ppm in the exit waste stream. • The induction time data measured with several antiscalants showed no evidence for a substantial difference among various inhibitors. The use of a mixture of antiscalants yielded substantially similar induction periods as those with a single antiscalant. • The measured induction times were successfully correlated by a theoretically based expression.
